The gluonic widths of four leading glueball candidates are determined from their production in radiative quarkonium decays, allowing quantitative estimation of their glue content. Lattice predictions for the scalar and tensor channels seem to be in reasonable agareement with present data (allowing for mixing with qq states). However there is a glueball-like-state in the pseudoscalar spectrum whose mass is considerably lower than expected from lattice estimates.
This talk summarizes some recent results of Close, Farrar, and Li [1] (CFL), in which quantitative methods for determining the gluonic content of isosinglet mesons are utilized to study four states which are promising glueball candidates 2 :
• f 0 (1500)
• f J (1710) where J = 0 or 2
• ξ(2230) [2] • η(1440), now resolved into two pseudoscalars.
These states satisfy qualitative criteria expected for glueballs [3] :
1. Glueballs should be favoured over ordinary mesons in the central region of high energy scattering processes, away from beam and target quarks. The f J (1710) and possibly the f 0 (1500) have been seen in the central region in pp collisions.
2. Glueballs should be produced in proton-antiproton annihilation, where the destruction of quarks creates opportunity for gluons to be manifested. This is the Crystal Barrel and E760 production mechanism, in which detailed decay systematics of f 0 (1500) have been studied. The empirical situation with regard to f J (1710) and ξ(2230) is currently under investigation. The η(1440) is clearly seen in pp annihilation 3. Glueballs should be enhanced compared to ordinary mesons in radiative quarkonium decay. In fact, all four of these resonances are produced in radiative J/ψ decay at a level typically of ∼ 1 part per thousand. A major purpose of this paper is to decide whether these rates indicate that these resonances are glueballs, or not.
2 In additional work not reported here, ref. [1] analyzes two generic three-state mixing scenarios for the f 0 sector, gives the constraints which follow from knowledge of γγ widths, and tests validity of the procedures on knownresonances. The reader is refered to ref. [1] for most references and details; only the essentials are given here.
Furthermore, lattice QCD predicts that the lightest "ideal" (i.e., quenched approximation) glueball be 0 ++ , with state-of-the-art mass predictions of 1.55 ± 0.05 GeV [4] and 1.74 ± 0.07 GeV [5] . The tensor glueball is predicted to lie in the 2.2 GeV region. However both lattice and sum rule calculations place the lightest 0 −+ glueball at or above the 2 ++ glueball so that the appearance of a glueball-like pseudoscalar in the 1.4-1.5 GeV region is unexpected. See [6] for a review of lattice glueball predictions.
CFL reformulate and apply the relationship proposed by Cakir and Farrar [7] (CF) between the branching fraction for a resonance R in radiative quarkonium decay,
where M V and m R are masses of the initial and final resonances, and
; c R is a numerical factor and H J (x) a loop integral. For a resonance of known mass, total width (Γ tot ), and J P C , a relationship such as eq. (1) would
, providing quantitative information on the glueball content of a particular resonance. Using H J (x) determined in the non-relativistic quark model (NRQM), CF found that knownresonances (such as f 2 (1270)) satisfy the former and noted that the f 0 (1710) might be an example of the latter. CFL clarified the CF relationship between b rad (QQ V → γ + R) and br(R → gg), examining its dependence on the < gg|R > form factors and the theoretical and experimental constraints on these form factors. CFL concluded that the CF relation can be used, possibly with generalized H J (x) functions, for glueballs and light-qq mesons as well as for heavymesons.
In the x regime of immediate interest, x ∼ 0.5 − 0.75,
This enables eq. (1) to be manipulated into a scaled form that exhibits the phenomenological implications immediately. Specifically [1] :
Having scaled the expression this way, because We now apply eq. (2) to the glueball candidates listed above to infer Γ(R → gg) for each of them. Dividing by their measured total width then yields br(R → gg). Let us begin with the established scalar meson, f 0 (1500). Using the branching fractions of Bugg et al [8] , gives [1] br(f 0 (1500) → gg) ≥ 0.9 ± 0.2. This is significantly larger than the O(α 2 s ) which would be expected for a puresystem, and supports this state as a glueball candidate. On the other hand using BES results reported at this conference [9] , implies [1] br(f 0 (1500) → gg) = 0.3 − 0.5. The interpretation of this state cannot be settled until the experimental situation clarifies.
The conclusions regarding the gluonic content of f J (1710) depend critically on whether J = 0 or J = 2. In the latter case, this analysis indicates it is a clearsystem [1] . However if f J (1710) is a single state with J = 0, br(f 0 (1710) → gg) ≥ 0.52 ± 0.07, in accord with fig. 14 of ref. [7] . In this case the f 0 (1710) would be a strong candidate for a scalar glueball. Knowing the spin and KK branching fraction of f J (1710) is of great importance for a more detailed quantitative understanding of the composition of this state.
As noted above, lattice QCD predicts the ground state glueball is a 0 ++ with mass ≈ 1.65 ± 0.1 GeV. An interesting possibility is that three f 0 's in the 1.4 − 1.7 GeV region are admixtures of the three isosinglet states gg, ss, and nn [10] . Recently there have been two specific schemes proposed which are based on lattice QCD [11] and the emergent phenomenology of scalar mesons [10] . Based on the preliminary data available these mixing schemes seem satisfactory, and the lattice prediction is consistent with the observed spectrum. In [1] , a simplified formalism for treating a three component system of this type is presented, making use of γγ widths to constrain the system. Further data on γγ is needed. Now we turn to the narrow state ξ(2230) observed in J/ψ → γπ
. If evidence for this state survives increases in statistics, the case J = 2 would be consistent with ξ(2230) being a tensor glueball, while J = 0 is inconsistent with unitarity. This would have significant implications for the emergence of a glueball spectroscopy in accord with lattice QCD, which predicted the tensor state at about 2.2 GeV [6] . It would also raise tantalising questions about the 0 −+ sector, as follows.
Many years ago, production of the "η(1440)" was observed to be prominent in radiative J/ψ decay, causing it to be identified as a potential pseudoscalar glueball. Subsequently it was realised that multiple isosinglet states are contained in the 1.4-1.8 GeV region. However the analyses of radiative J/ψ decay indicating the existence of additional structure were not in agreement. Using recent data in pp → η(1440) + · · ·, ref. [1] identifies the problematic measurement and proposes a consistent picture that experiments should now pursue.
The tentative interpretation of the pseudoscalar states is [1] :
These conclusions can be sharpened if the widths and decays from Crystal Barrel and Obelix converge, and if J/ψ → γ0 −+ is pursued further [1] .
The experimental data on 0 −+ production in radiative J/ψ decays in this mass region need clarification before strong conclusions can be drawn, but if the existence of two states in the 1400 − 1500 MeV range, and their relative production (one or both much more strongly produced than η(1295)) is confirmed, we have a serious challenge to theoretical expectations. The experiments would appear to be telling us that the lightest pseudoscalar glueball is much lighter than predicted in quenched lattice QCD, (2.16 ± 0.27 GeV [6] ). In view of the naive argument that unquenching will increase the mass of the 0 −+ glueball due to level repulsion from the lower-lyingstate η ′ and the apparent possible success (within uncertainties noted above) of the lattice QCD predictions for the 0 ++ and 2 ++ glueball masses, such a discrepancy between lattice QCD and nature would be of great interest.
A very speculative explanation for the mass and properties of the η(1410) is that it the gluino-gluino bound state [12, 7] predicted in certain SUSY-breaking models, possibly mixed with nearby pseudoscalarstates. If nature were supersymmetric and SUSY breaking did not violate R-invariance, the gluino mass would be O(100) MeV [13, 14] . In that case the 0 ++ glueball would be approximately degenerate with the pseudoscalar gluino-gluino (gg) and spin-1/2 gluon-gluino bound states. This would lead to an "extra" isosinglet pseudoscalar in the spectrum, with mass around 1 1/2 GeV. The pseudoscalar glueball expected in conventional QCD would also be present, but at ∼ 2.2 GeV according to the lattice prediction. Decay of agg system would necessarily go through gluons, since (i) its direct couplings to quarks would be suppressed by heavy squark masses and (ii) hadrons containing a single gluino would be too massive to be pair produced by the decayinggg. Thus br(gg → gg) ∼ 1 as appears to be the case for the η(1410).
In summary, the analysis of Close, Farrar, and Li [1] shows:
• The f 0 (1500) is at least half-glueball if the Bugg et al analysis [8] of the 4π channel is confirmed, but is less so according to the BES results. Analysis of MarkIII data on J/ψ → γππ is urgently needed. At this moment the experimental determinations of Γ(J/ψ → γf 0 (1500)) are inconsistent.
• The f J (1710) is also at least half-glueball, if J = 0; if J = 2 it is ameson. Experimental determinations of the f 0,2 spectra in the 1.6 − 1.8
GeV region are presently inconsistent.
• The ξ(2330) is unlikely to have J = 0, if present experimental data are correct. If it has J = 2 it strongly resembles a glueball.
• The η(1440) is separated into two states. The lower mass state, η(1410), has strong affinity for glue; the higher mass η(1480) is consistent with being the ss member of a nonet, perhaps mixed with glue.
It is of urgent importance to (a) arrive at an experimental consensus on the f 0 and f 2 masses and widths in the 1600-1800 region and (b) resolve the discrepancies in the present determinations of br(ψ → γf 0 (1500)). Measurement of production branching fractions of the f 0 and f 2 mesons in Υ radiative decay should be quite easy and yield useful additional information. Ref. [1] outlines a procedure to use data on ψ → γR and γγ → R together, to help unravel theand gg composition of mesons. To accomplish this, measurement of Γ(f 0 (1370; 1500; 1710) → γγ) is an essential ingredient.
Experimental study of the isosinglet mesons does not yet allow a definitive description of the spectrum in terms of the underlying QCD quark and gluon degrees of freedom, and there are experimental inconsistencies which need to be resolved. However the emerging picture of the scalar and tensor mesons is in remarkably good agreement with quenched lattice QCD calculations. On the other hand the situation in the pseudoscalar channel is troublesome: a glueball-like state is clearly observed at about 1.4 GeV, which is far below the quenched lattice QCD prediction. Thus the next few years promise to be very interesting for meson spectroscopy and QCD theory.
